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(54) Electrostatic actuator, and electrostatic microrelay and other devices using the same 



(57) A fixed voltage (30) and a movable electrode 
(38) are placed face to face with each other, and an in- 
sulating film (31) is formed on the surface of the fixed 
electrode (30). The insulating film (31) is made of a ni- 
tride film (SiN) (47) as a main material, with oxide films 
(Si0 2 ) (39, 48) being formed on the front and rear sur- 
faces of the nitride film (37). Moreover, a plurality of pro- 
trusions (32) are formed on an area facing the movable 
electrode (38) of the upper face of the insulating film 
(31). The charge quantity in the insulating film (31) is 
mainly determined by a film thickness of the oxide film 
(48), and the nitride film (47) is used for maintaining a 
sufficient film thickness required for the voltage proof 
characteristic. Thereby, it is possible to suppress varia- 
tions in operational voltage characteristics such as on- 
voltage and off-voltage in an electrostatic actuator so as 
to prevent phenomena in which the electrostatic actua- 
tor fails to turn on even when a rated voltage is applied 
to the electrostatic actuator and in which the electrostat- 
ic actuator fails to turn off even when the driving voltage 
is turned off. 



FIG. 9 
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Description 

Background of Invention 

Field of the Invention 

[0001] The present invention relates to an electrostat- 
ic actuator, an electrostatic micro-relay and other devic- 
es using the same. 

Description of the Background Art 

[0002] Fig. 1 is an exploded perspective view that 
shows a structure of a conventional electrostatic actua- 
tor and Fig. 2 shows a cross-sectional view thereof. This 
electrostatic actuator 1 , which is disclosed in Japanese 
Laid-Open Patent Application No. 2000-164104, is 
mainly constituted by a fixed substrate 2 and a movable 
substrate 3. The fixed substrate 2 is made of a glass 
substrate having a fixed electrode 4 and a pair of fixed 
contacts 5, 6 formed on the upper face thereof. The sur- 
face of the fixed electrode 4 is coated with an insulating 
film 7 made from an oxide. Moreover, the fixed contacts 
5, 6 are respectively connected to connection pads 10, 
1 1 on the fixed substrate 2 through respective wires 8,9. 
[0003] The movable substrate 3 made from an Si sub- 
strate is provided with a movable electrode 13 support- 
ed by four elastic beams 1 2 in the center portion thereof, 
and a movable contact 1 5 is placed on the center portion 
of the lower face of the movable electrode 13 through 
an insulating layer 14. An anchor 16 protrudes from a 
peripheral portion of the lower face of the movable sub- 
strate 3 so that, when the movable substrate 3 is fixed 
on the upper face of the fixed substrate 2 by the anchor 
16, the movable electrode 13 and the fixed electrode 4 
are aligned face to face with each other with a space in 
between; thus, the movable contact 15 is aligned face' 
to face with the fixed contacts 5, 6 with a space in be- 
tween in a manner so as to bridge a space between the 
fixed contacts 5 and 6. 

[0004] In this arrangement, when a driving voltage, 
applied between the fixed electrode 4 and the movable 
electrode 13, has reached a predetermined voltage val- 
ue, the movable electrode 13 is attracted toward the 
fixed electrode 4 side by an electrostatic attracting force 
that is exerted between the fixed electrode 4 and the 
movable electrode 13 so that the movable electrode 13 
is allowed to adhere to the fixed electrode 4 through the 
insulating film 7 with the elastic beam 1 2 being distorted. 
In the case when the movable electrode 1 3 has adhered 
to the fixed electrode 4, before or after this process, the 
movable contact 15 is pressed between the fixed con- 
tacts 5 and 6 so that the fixed contacts 5, 6 are electri- 
cally closed by the movable contact 1 5 so that a pair of 
connection pads 10 and 11 are allowed to conduct to 
each other. 

[0005] Therefore, in the case of an optimal electro- 
static actuator, its CV characteristic is indicated by Fig. 



2 

3. Here, the CV characteristic of the electrostatic actu- 
ator is represented by the relationship between a driving 
voltage Vdrive applied between the fixed electrode 4 
and the movable electrode 13 and a capacitance C be- 

5 tween the two electrodes 4 and 13. In Fig. 3, C1 repre- 
sents a value of the capacitance C in a state where no 
driving voltage is applied between the movable elec- 
trode 1 3 and the fixed electrode 4, C2 represents a value 
of the capacitance C in a state where the movable elec- 

10 trode 13 adheres to the fixed electrode 4 through the 
insulating film 7, on-voltage Von is a value of the driving 
voltage Vdrive at the time when the movable electrode 
13 is made to adhere to the fixed electrode 4 (or is re- 
leased from the fixed electrode 4), and in the case of an 

15 optimal electrostatic actuator, this CV characteristic has 
a symmetrical profile with respect to the point of the driv- 
ing voltage Vdrive = 0 volt. 

[0006] In the case of a conventional electrostatic ac- 
tuator, for example, the above-mentioned electrostatic 

20 actuator, when a driving voltage has been applied be- 
tween the movable electrode and the fixed electrode for 
a long time, the insulating film on the fixed electrode is 
gradually charged, with the result that a variation occurs 
in operational voltage characteristics, such as on-volt- 

25 age and off-voltage in the electrostatic actuator. Such a 
variation in the operational voltage characteristics is 
caused by the generation of an electrical potential dif- 
ference other than the driving voltage Vdrive that is ex- 
ternally applied between the fixed electrode and the 

30 movable electrode for charging; therefore, when such a 
variation occurs in the operational voltage characteris- 
tics in the electrostatic actuator, the resulting problems 
are that the electrostatic actuator is not operated even 
when a rated on-voltage is applied thereto, and that the 

35 electrostatic actuator is not turned off even when the ap- 
plied voltage is turned off. The following description will 
discuss the causes of variations in the operational volt- 
age characteristics in detail. 

[0007] The ways of charging are classified into two 

40 ways. Here, these ways are respectively referred to as 
a plus shift and a minus shift. The plus shift refers to a 
charging in which the center value of the CV character- 
istic is shifted toward the plus side of the driving voltage 
(see Fig. 6). The cause of the plus shift is that a charge 

45 transfer (transfer of charge) occurs at a portion on which 
the insulating film on the fixed electrode and the mova- 
ble electrode come into contact with each other with the 
result that the insulating film is charged. The charge 
transfer is a phenomenon in which, when the contact 

so portion of an insulator and a conductor is subjected to 
an electric field and heat, a charge is accumulated in the 
insulator, thereby charging the insulator. 
[0008] For example, as shown in Fig. 4, in the case 
when a driving voltage Vdrive is applied between the 

55 movable electrode 1 3 and the fixed electrode 4, with the 
movable electrode 13 having a positive electric poten- 
tial, at the contact portion between the movable elec- 
trode 1 3 and the insulating film 7, electrons e on the sur- 
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face of the insulating film 7 are shifted toward the mov- 
able electrode 1 3 with holes h being left in the insulating 
film 7 so that the insulating film 7 is. positively charged. 
However, in the case when the polarity of a driving volt- 
age to be applied between the movable electrode and 
the fixed electrode is reversed so that the movable elec- 
trode has a negative electrical potential, the insulating 
film is negatively charged. 

[0009] In the event of such a plus shift, the applied 
voltage Vapp between the movable electrode 1 3 and the 
fixed electrode 4 is lowered by a voltage AVp (>0) cor- 
responding to the charge quantity due to the plus shift 
charging to a level represented by the following equa- 
tion: 



Vapp = Vdrive - AVp, 

with the result that the apparent on-voltage is raised to 
Von + AVp (here, Von is a value of the on-voltage in the 
case of no charge). Therefore, the problem with the plus 
shift is exerted as an increase in the minimum driving 
voltage (apparent on-voltage) to be used for closing the 
fixed contacts 5, 6 by using the movable contact 15, and 
in the case of a great plus shift, the electrostatic actuator 
fails to turn on even when the rated voltage is applied. 
[0010] Moreover, the minus shift refers to a charging 
in which the center value of the CV characteristic is shift- 
ed toward the minus side of the driving voltage (see Fig. 
6). The minus shift is caused by an ionic charging. In 
other words, this is caused by the fact that ions, gener- 
ated in processes such as an anodic bonding, are dif- 
fused in the insulating film of the oxide so that positive 
and negative ions diffused in the insulating film are shift- 
ed by an electric field applied between the movable elec- 
trode and the fixed electrode toward the mutually oppo- 
site sides. 

[0011] For example, as shown in Fig. 5, in the case 
when a driving voltage Vdrive is applied between the 
movable electrode 13 and the fixed electrode 4, with the 
movable electrode 13 having a positive electric poten- 
tial, anions p, diffused in the insulating film 7 of the oxide, 
are shifted in the direction toward the interface to the 
fixed electrode 4 with anions n being shifted in the di- 
rection of the surface of the insulating film 7 so that the 
surface of the insulating film 7 is negatively charged. 
However, in the case when the polarity of a driving volt- 
age to be applied between the movable electrode and 
the fixed electrode is reversed so that the movable elec- 
trode has a negative electrical potential, the insulating 
film is positively charged. 

[0012] In the event of such a minus shift, the applied 
voltage Vapp between the movable electrode 1 3 and the 
fixed electrode 4 is raised by a voltage AVn (>0) corre- 
sponding to the charge quantity due to the ionic charging 
to a level represented by the following equation: 



Vapp = Vdrive + AVn, 

with the result that the apparent on-voltage is lowered 
5 to Von - AVn (here, Von is a value of the on-voltage in 
the case of no charge). Therefore, the problem with the 
minus shift is exerted as a decrease in the minimum driv- 
ing voltage (apparent on-voltage) to be used for opening 
the fixed contacts, with the result that, even when the 
10 driving voltage Vdrive is set to 0 volt, the electrostatic 
actuator fails to turn off or hardly turns off (that is, the 
electrostatic actuator is stuck, or susceptible to stick- 
ing). 

[0013] in this manner, the insulating film is always 
'5 charged while the electrostatic actuator is being driven, 
resulting in a failure to ensure the designed performanc- 
es. Fig. 6 shows a change in the CV characteristic be- 
fore and after a thermal endurance test carried out on 
an electrostatic actuator. The CV characteristic F0, in- 

20 dicated by broken lines and rhomboidal shape points in 
Fig. 6, represents an initial characteristic prior to the 
conduction of the thermal endurance test, which shows 
a characteristic that is symmetrical with the driving volt- 
age Vdrive. The CV characteristics F+, F-, indicated by 

25 solid lines shown in Fig. 6, represent the CV character- 
istics after a thermal endurance test carried out under 
conditions of an ambient temperature of 85°C, a driving 
voltage of 24 volts and test time of 100 hours; and F+ 
indicated by solid lines and square points, represent 

30 plus shifts, while F-, indicated by solid lines and trian- 
gular points, represent minus shifts. 



Summary of Invention 

35 [0014] In one aspect, the present invention relates to 
an electrostatic actuator which is provided with means 
for controlling charging phenomena such as plus shift 
and minus shift so that it becomes possible to control 
operational voltage characteristics such as on-voltage 

40 and off-voltage. Moreover, in another aspect, the 
present invention provide s an electrostatic micro-relay 
using the above-mentioned electrostatic actuator and 
other devices. 

[0015] In one embodiment, an electrostatic actuator 
45 ofthepresent invention is provided with: a first electrode 
and a second electrode that are placed face to face with 
each other; and an insulating film that is formed on an 
opposite face of at least one electrode of the two elec- 
trodes at an area where the first electrode and the sec- 
50 ond electrode are made face to face with each other so 
that at least one of the first electrode and the second 
electrode is driven by an electrostatic force that is ex- 
erted when a voltage is applied between the first elec- 
trode and second electrode to allow the first electrode 
55 and second electrode to contact each other with the in- 
sulating film being interpolated in between, and in this 
arrangement, at least one of the first electrode and sec- 
ond electrode has a structure for controlling charge 
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quantity. 

[0016] In accordance with one embodiment of an 
electro static actuator of the present invention, since the 
charge-quantity controlling structure is provided, it is 
possible to control the quantities of positive and nega- 
tive charges in the insulating film. For example, it be- 
comes possible to reduce the quantity of a positive or 
negative charge caused by, for example, charge trans- 
fer and the like, or it becomes possible to reduce the 
quantity of a positive or negative charge caused by ionic 
charging and the like. As a result, it is possible to control 
the operational voltage characteristics such as on-volt- 
age and off-voltage of the electrostatic actuator by con- 
trolling the charging phenomena such as plus shift and 
minus shift. 

[0017] Moreover, in one aspect of the present inven- 
tion, the above-mentioned charge-quantity controlling 
structure has such an arrangement that the quantities 
of positive and negative charges, exerted when a volt- 
age is applied between the first and second electrodes, 
are respectively controlled so that the sum of the quan- 
tities of charge in the insulating film is desirably control- 
led. In this aspect, the quantity of positive charge and 
the quantity of negative charge are mutually cancelled 
so that the entire charge quantity (total quantity) gener- 
ated in the insulating film is controlled. In particular, it is 
not necessary to reduce the quantity of positive charge 
and the quantity of negative charge, and by making the 
quantity of positive charge and the quantity of negative 
charge cancel with each other, it becomes possible to 
reduce the entire charge quantity generated in the insu- 
lating film, and consequently to control the charge quan- 
tity to, for example, zero. 

[001 8] In another aspect of the present invention, the 
thickness of the insulating film is adjusted so that the 
charge quantity in the insulating film is controlled. In ac- 
cordance with this aspect, by adjusting the thickness of 
the insulating layer (in particular, the thickness of the 
oxide film), the quantity of positive or negative charge 
of the insulating film due to, for example, ionic charging 
can be controlled. Moreover, in the case when the insu- 
lating film is constituted by a plurality of layers made of 
different materials, the charge quantity in the insulating 
film is preferably controlled based upon the thickness of 
a layer that is directly made in contact with the first elec- 
trode or the second electrode. 

[0019] Furthermore, in a preferred aspect, the insu- 
lating film comprises an oxide film and a nitride film; 
thus, another effect for reducing the charge quantity due 
to ionic charging is obtained, and it becomes possible 
to optimize the manufacturing processes and conse- 
quently to manufacture an electrostatic actuator easily 
with high yield. In other words, the nitride film has a prop- 
erty of hardly transmitting ions, and since the application 
of a nitride film makes it possible to reduce the thickness 
of the oxide film while a proper voltage-resistant prop- 
erty is maintained, it becomes possible to reduce the 
charge quantity in the insulating film due to the ionic 



charging. In particular, the film is formed as a silicon ox- 
ide film or a silicon nitride film so that it becomes possi- 
ble to manufacture an electrostatic actuator easily with 
high yield. 

5 [0020] It is preferable to coat the surface of the above- 
mentioned nitride film with the above : mentioned oxide 
film. In particular, the nitride film surface on the side op- 
posite to the electrode fixing the insulating film is pref- 
erably covered with the oxide film. When the nitride film 

10 is exposed, the nitride film is susceptible to damages 
upon manufacturing, causing degradation in the 
processing precision; however, it is possible to prevent 
damages to the nitride film by coating the nitride film with 
the oxide film. 

*s [0021] Moreover, the above-mentioned insulating lay- 
er may be formed by a single material. The formation of 
the Insulating film using a single material makes it pos- 
sible to simplify the structure of the insulating film, and 
consequently to easily manufacture the insulating film. 

20 [0022] In another aspect of the present invention, the 
charge quantity in the insulating film is controlled based 
upon a contact area of a portion with and from which the 
first electrode and the second .electrode are made in 
contact and separated with the insulating film being in- 

25 terpolated in between, in the area on which the first elec- 
trode and the second electrode are aligned face to face 
with each other. In accordance with this aspect, by ad- 
justing the contact area of a portion with and from which 
those electrodes are made in contact and separated, it 

30 js possible to control the quantity of positive or negative 
charge of the insulating film due to, for example, a 
charge transfer. 

[0023] For example, at least one protrusion may be 
formed on at least one of the surfaces of the electrodes 
35 to and from which the contact and separation are made; 
thus, it is possible to control the entire contact area of 
the portion to and from which the contact and separation 
are made by using the protrusion (for example, the 
number and the respective contact areas of the protru- 
de sions). The surface of this protrusion is preferably 
formed into a spherical shape. The formation of the sur- 
face of the protrusion into a spherical shape makes it 
possible to reduce the contact area to the other elec- 
trode, and consequently to reduce the charge quantity 
45 due to a charge transfer effectively; thus, it is also pos- 
sible to increase the space filling rate, and to strengthen 
the electrostatic force between the two electrodes. 
[0024] In still another aspect of the present invention, 
an area which corresponds to a contact surface at a por- 
so tion with and from which the first electrode and the sec- 
ond electrode are made in contact and separated lacks 
at least one of the electrodes. In accordance with this 
aspect, because an electric field generated between the 
two electrodes is not applied to the contact portion, it is 
55 possible to reduce the charge quantity due to a charge 
transfer. 

[0025] An electrostatic actuator according to embod- 
iments of the present invention may be applied to an 
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electrostatic micro-relay. With this electrostatic micro- 
relay, it is possible to transmit dc currents as well as 
high-frequency signals with low loss, and consequently 
to maintain a stable characteristic for a long time. 
[0026] Furthermore, an electrostatic actuator accord- 5 
ing to embodiments of the present invention may be ap- 
plied to various devices; and examples thereof include 
a radio device in which the electrostatic micro-relay is 
installed so as to open and close an electric signal be- 
tween the antenna and the inner circuit, a measuring 10 
device in which the electrostatic micro-relay is installed 
so as to open and close an electric signal between a 
measuring subject and the inner circuit, and a personal 
digital assistance in which the electrostatic micro-relay 
is installed so as to open and close the inner electric 1$ 
signal. In accordance with these devices, it is possible 
to transmit signals with high precision for a long time 
while reducing the load imposed on the amplifier, etc. 
used in the inner circuit. Moreover, it is possible to min- 
iaturize the device and also to reduce power consump- 20 
tion; thus, the present invention is highly effective in ra- 
dio devices that are driven by batteries and measuring 
devices a plurality of which are used. 
[0027] Additionally, the above-mentioned constituent 
elements of the present invention may be combined and 25 
used in a desirable manner. 

Brief Description of Drawings 

[0028] Fig. 1 shows an exploded perspective view 30 
that indicates a structure of a conventional electrostatic 
actuator. 

[0029] Fig. 2 shows a cross-sectional view of the con- 
ventional electrostatic actuator. 

[0030] Fig. 3 shows a drawing that indicates a CV 35 
characteristic of an optimal electrostatic actuator. 
[0031] Fig. 4 shows a schematic drawing that explains 
a state in which a plus-shift charge is generated be- 
tween a movable electrode and an insulating film. 
[0032] Fig. 5 shows a schematic drawing that indi- 40 
cates a state in which a minus-shift charge is generated 
in an insulating film. 

[0033] Fig. 6 shows a drawing that indicates a change 
in the CV characteristic before and after a thermal en- 
durance test. 45 
[0034] Fig. 7 shows a perspective view of an electro- 
static actuator in accordance with one embodiment of 
the present invention. 

[0035] Fig. 8 shows a cross-sectional view taken 
along line X-X of Fig. 7. so 
[0036] Fig. 9 shows an exploded perspective view 
that indicates a structure of the electrostatic actuator of 
Fig. 7. 

[0037] Fig. 10 shows a schematic cross-sectional 
view that indicates a structure of an insulating film ss 
formed on a fixed electrode in the electrostatic actuator 
of Fig. 7. 

[0038] Fig. 11 shows a schematic drawing that indi- 



cates a principle which suppresses the plus shift by 
forming a protrusion on the insulating film. 
[0039] Fig. 12 shows a schematic drawing that indi- 
cates a principle which suppresses the minus shift by 
forming a nitride film in the insulating film. 
[0040] Fig. 13 shows a schematic cross-sectional 
view that indicates an electrostatic actuator having an- 
other structure in accordance with the present invention. 
[0041] Fig. 14 shows a schematic cross-sectional 
view that indicates an electrostatic actuator having still 
another structure in accordance with the present inven- 
tion. 

[0042] Fig. 15 shows a schematic cross-sectional 
view that indicates an electrostatic actuator having still 
another structure in accordance with the present inven- 
tion. 

[0043] Fig. 16 shows a schematic cross-sectional 
view that indicates an electrostatic actuator having still 
another structure in accordance with the present inven- 
tion. 

[0044] Fig. 17 shows a schematic cross-sectional 
view that indicates an electrostatic actuator having still 
another structure in accordance with the present inven- 
tion. 

[0045] Fig. 18 shows a schematic cross-sectional 
view that indicates an electrostatic actuator having still 
another structure in accordance with the present inven- 
tion. 

[0046] Fig. 19 shows a schematic cross-sectional 
view that indicates an electrostatic actuator having still 
another structure in accordance with the present inven- 
tion. 

[0047] Fig. 20 shows a schematic cross-sectional 
view that indicates an electrostatic actuator having still 
another structure in accordance with the present inven- 
tion. 

[0048] Fig. 21 shows a schematic cross-sectional 
view that indicates an electrostatic actuator having still 
another structure in accordance with the present inven- 
tion. 

[0049] Fig. 22 shows a schematic cross-sectional 
view that indicates an electrostatic actuator having still 
another structure in accordance with the present inven- 
tion. 

[0050] Fig. 23 shows a schematic cross-sectional 
view that indicates an electrostatic actuator having still 
another structure in accordance with the present inven- 
tion. 

[0051] Fig. 24 shows a schematic cross-sectional 
view that indicates an electrostatic actuator having still 
another structure in accordance with the present inven- 
tion. 

[0052] Fig. 25 shows a schematic cross-sectional 
view that indicates an electrostatic actuator having still 
another structure in accordance with the present inven- 
tion. 

[0053] Fig. 26A shows a perspective view that indi- 
cates a protrusion having a cylindershape, and Fig. 26B 
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shows a schematic drawing that explains a state in 
which the protrusion occupies a space between the in- 
sulating film and the movable electrode. 
[0054] Fig. 27A shows a perspective view that indi- 
cates a protrusion having a cone shape, and Fig. 27B 
shows a schematic drawing that explains a state in 
which the protrusion occupies a space between the in- 
sulating film and the movable electrode. 
[0055] Fig. 28A shows a perspective view that indi- 
cates a protrusion having a spherical shape, and Fig. 
28B shows a schematic drawing that explains a state in 
which the protrusion occupies a space between the in- 
sulating film and the movable electrode. 
[0056] Figs. 29A and 29B show schematic cross-sec- 
tional views that respectively indicate modified exam- 
ples of the protrusion having a spherical shape. 
[0057] Figs. 30A, 30B and 30C show cross-sectional 
views that explain a method for forming the protrusion 
having the structure shown in Fig. 29B. 
[0058] Figs. 31 A, 31 B and 31 C show cross-sectional 
views that explain a method for forming a protrusion 
having a structure similar to the structure shown in Fig. 
29B. 

[0059] Fig. 32 shows a side view that indicates an 
electrostatic actuator having another structure in ac- 
cordance with the present invention. 
[0060] Fig. 33 shows a side view that indicates an 
electrostatic actuator having still another structure in ac- 
cordance with the present invention. 
[0061] Fig. 34 shows a drawing that indicates a 
change in the CV characteristic before and after a ther- 
mal endurance test carried out on an electrostatic actu- 
ator having protrusions on an insulating film. 
[0062] Fig. 35 shows a drawing that explains an elec- 
trostatic actuator that has been subjected to the test of 
Fig. 34. 

[0063] Fig. 36 shows a schematic cross-sectional 
view that indicates a structure of an electrostatic actua- 
tor relating to still another embodiment of the present 
invention. 

[0064] Fig. 37 shows a schematic cross-sectional 
view that indicates a structure of an electrostatic actua- 
tor relating to still another embodiment of the present 
invention. 

[0065] Fig. 38 shows a schematic cross-sectional 
view that indicates a structure of an electrostatic actua- 
tor relating to still another embodiment of the present 
invention. 

[0066] Fig. 39 shows a schematic cross-sectional 
view that indicates a structure of an electrostatic actua- 
tor relating to still another embodiment of the present 
invention. 

[0067] Fig. 40 shows a schematic cross-sectional 
view that indicates a structure of an electrostatic actua- 
tor relating to still another embodiment of the present 
invention. 

[0068] Fig. 41 shows a schematic drawing that indi- 
cates a radio device using an electrostatic micro-relay 



in accordance with the present invention. 
[0069] Fig, 42 shows a schematic drawing that indi- 
cates a measuring device using an electrostatic micro- 
relay in accordance with the present invention. 
5 [0070] Fig. 43 shows a schematic drawing that indi- 
cates a temperature-controlling device using an electro- 
static micro-relay in accordance with the present inven- 
tion. 

[0071] Fig. 44 shows a schematic drawing that indi- 
10 cates a portable terminal using an electrostatic micro- 
relay in accordance with the present invention. 

Detailed Description 

is First Embodiment 

[0072] Fig. 7 shows a perspective view of an electro- 
static actuator in accordance with one embodiment of 
the present invention, Fig. 8 shows a cross-sectional 
20 view taken along line X-X and Fig. 9 shows an exploded 
perspective view that shows a structure of the electro- 
static actuator. This electrostatic actuator 21 comprises 
a micro-machined relay manufactured by using a micro- 
machining technique, and includes a fixed substrate 22, 
25 a movable substrate 23 and a cap 24. 

[0073] In the fixed substrate 22, two signal lines 26, 
27 are formed on a substrate 25 (which may be a glass 
substrate or the like) by using a metal film, and ends of 
the respective signal lines 26, 27 are aligned face to face 
30 with each other with a small gap in between so that re- 
spective ends of the signal lines 26, 27 form fixed con- 
tacts 28, 29 on the center portion of the upper face of 
the substrate 25. Moreover, fixed electrodes 30 are 
placed on both of the right and left sides of each signal 
35 line 26, 27, and the fixed electrodes 30 on both of the 
sides are connected to each other through a gap be- 
tween the fixed contacts 28, 29. The surface of each of 
the fixed electrodes 30 is coated with an insulating film 
31. Moreover, a plurality of fine protrusions 32 are 
40 formed on the upper surface of the insulating film 31 . 
Fixed electrode pads 33 .which are respectively cond uc- 
tive to the fixed electrodes 30, are formed on both of the 
right and left sides of the end of each signal line 26, 27. 
Moreover, a movable electrode pad 34 is placed on one 
^5 of the corner portions of the upper surface of the sub- 
strate 25. Here, the size of the protrusions 32 is set to 
several 1 00 to several 1 000 angstroms; however, in Fig. 
9, for convenience of explanation, both of the diameter 
and protrusion height of the protrusion 32 are depicted 
so in an enlarged manner in comparison with the actual rel- 
ative dimension. 

[0074] The movable substrate 23 is made of Si and 
has conductivity, and movable electrodes 38 are formed 
on both sides of a movable contact area 35 formed vir- 
55 tually in the center thereof through elastic supporting 
portions 36, and anchors 42 are formed on the respec- 
tive movable electrodes 38 through elastic bending por- 
tions 40. Moreover, a movable contact 45, made of a 
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conductive material such as metal, is formed on the low- 
er surface of the movable contact area 35 from an insu- 
lating layer 44 made of an oxide film (Si0 2 ) and a nitride 
film (SiN). The movable substrate 23 is elastically sup- 
ported above the fixed substrate 22 by securing the an- 
chor 42 onto the fixed substrate 22 by an anode joining 
process or the like; thus, the movable electrode 38 is 
aligned face to face with the fixed electrode 30 through 
the insulating film 31 , with the movable contact 45 facing 
both of the fixed contacts 28, 29 in a manner so as to 
bridge over these. The movable substrate 23 is secured 
onto the upper surface of the fixed substrate 22 so that 
it is electrically connected to the movable electrode pad 
34. 

[0075] The cap 24, which is made of glass or the like, 
has a lower surface on which a recessed section 46 is 
formed. The cap 24 is put on the fixed substrate 22 over 
the movable substrate 23 that is joined to the upper sur- 
face of the fixed substrate 22, and joined to the upper 
surface of the fixed substrate 22 by using a sealing ma- 
terial such as low-melting-point glass in a manner so as 
to surround the peripheral portion of the lower surface. 
Consequently, the movable substrate 23, the fixed con- 
tacts 28, 29, the fixed electrode 30, etc. are sealed in 
the recessed section 46 of the cap 24 in an air-tight man- 
ner. 

[0076] Fig. 10 shows a structure of the insulating film 
31 that is used for preventing short-circuiting between 
the fixed electrode 30 and the movable electrode 38. 
The insulating film 31 has a multi-layer structure, and 
comprises an oxide film (Si0 2 ) 48, a nitride film (SiN) 47 
and an oxide film (Si0 2 ) 39 placed in this order from the 
electrode side. In this insulating film 31, the film thick- 
ness of the oxide film 48 closest to the electrode is pref- 
erably made thinner so that the charge quantity due to 
ions is minimized as small as possible, with the thick- 
ness of the nitride film 47 that is hardly chargeable being 
set to a comparatively great value, so that proper prop- 
erties such as voltage resistant property are maintained, 
and the nitride film 47 is covered with the oxide film 39 
so that processing properties upon forming the insulat- 
ing film 31 are properly maintained. 
[0077] In the electrostatic actuator 21 having the 
above-mentioned arrangement, a driving voltage 
Vdrive, which is higher than an on-voltage, is applied 
between the fixed electrode 30 and the movable elec- 
trode 38 so that an electrostatic force is generated. 
When the movable electrode 38 is attracted by the elec- 
trostatic force between the two electrodes, the elastic 
bending portion 40 of the movable substrate 23 is dis- 
torted to allow the movable electrode 38 to shift toward 
the fixed electrode 30 side. When the movable electrode 
38 has shifted toward the fixed electrode 30 side, the 
movable contact 45 is first allowed to contact the fixed 
contacts 28, 29 to close the fixed contacts 28, 29; thus, 
the two signal lines 26, 27 are electrically conducted to 
each other. After the movable contact 45 comes into 
contact with the fixed contacts 28,29, the movable elec- 



trode 38 is further attracted to the fixed electrode 30, 
and allowed to adhere to the fixed electrode 30 with the 
insulating film 31 being interpolated in between. With 
this arrangement, the movable contact 45 is made in 
5 press-contact with the fixed contacts 28, 29 through an 
elastic force by the elastic supporting portion 36. More- 
over, when the driving voltage Vdrive is removed to elim- 
inate the electrostatic force so that the movable elec- 
trode 38 is returned to its original shape through an elas- 
10 tic force to be separated from the fixed electrode 30 with 
the movable contact 45 being substantially simultane- 
ously separated from the fixed contacts 28, 29; thus, the 
signal lines 26 and 27 are electrically disconnected. 
When the fixed contacts 28, 29 are opened, the contact 
*s opening force is increased by the elastic force of the 
elastic supporting portion 36 so that the fixed contacts 
28 and 29 are immediately disconnected. 
[0078] In this electrostatic actuator 21 , the fine protru- 
sions 32 are formed on the surface of the insulating film 
20 31 so that, when the electrostatic actuator 21 is driven 
and the movable electrode 38 is allowed to adhere to 
the fixed electrode 30 through the insulating film 31 , the 
movable electrode 38 and the insulating film 31 are not 
allowed to contact each other over the entire faces 
25 thereof, but only allowed to contact each other at the 
protrusions 32. As described earlier, since the plus shift 
is caused by a charge transfer exerted between the 
movable electrode 38 and the insulating film 31 , the area 
of the protrusions 32 formed on the insulating film 31 is 
30 allowed to change the quantity of positive charge due to 
the charge transfer as shown in Fig. 11 . Therefore, the 
total area of the protrusions 32 (the number of the pro- 
trusions 32 and the individual areas thereof) is adjusted 
so that the charge quantity between the movable elec- 
ts trode 38 and the insulating film 31 is controlled and the 
degree of the plus shift is adjusted. For example, the 
charge transfer is reduced by making the contact area 
between the insulating film 31 and the movable elec- 
trode 38 through the protrusions 32 smaller so that it is 
40 possible to reduce the occurrence of the charging due 
to the plus shift. 

[0079] Since the minus shift is caused by a biased 
state of ions inside the oxide film 48 as described above, 
it is possible to control the minus shift by adjusting the 

45 thickness of the oxide film 48. In particular, it is possible 
to reduce the charge quantity due to the minus shift by 
reducing the thickness of the oxide film 48. However, 
when the oxide film 48 (the insulating film 31) is made 
thinner, the voltage proof between the movable elec- 

50 trode 38 and the fixed electrode 30 is lowered. There- 
fore, in this electrostatic actuator 21 , a layer of a nitride 
film 47 that hardly transmits ions is formed in the insu- 
lating film 31, and as shown in Fig. 12, by making the 
oxide film 48 thinner in a corresponding manner, the bi- 

55 ased states of cations p and anions n are alleviated with 
the voltage proof property being maintained in the same 
manner to suppress the minus shift. 
[0080] Therefore, in accordance with this electrostatic 
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actuator 21 , it is possible to control the plus shift and the 
minus shift, to improve the CV characteristic of the elec- 
trostatic actuator 21 , and consequently to control the 
charging phenomenon due to the plus shift and minus 
shift and the like. As a result, for example, in the case 5 
of an electrostatic relay orthe like, it is possible to control 
operational voltage characteristics such as on-voltage 
and off-voltage, and consequently to reduce variations 
thereof. However, neither the control of the plus shift by 
the use of the protrusions 32 nor the control of the minus 10 
shift by the use of the thickness of the oxide film 48 in- 
tend to reduce the charge quantity of the insulating film 
31 due to the plus shift or the charge quantity of the in- 
sulating film 31 due to the minus shift. In other words, 
even in the case when neither the charge quantity due is 
to the plus shift northe charge quantity due to the minus 
shift is reduced, by controlling at least one of the plus 
shift and the minus shift, the charge quantity due to the 
plus shift and the charge quantity due to the minus shift 
are allowed to cancel each other to be set to zero; thus, 20 
as a whole, the charge quantity in the insulating film 31 
is set to zero. More specifically, the plus shift is deter- 
mined by using the sum of the contact areas of the pro- 
trusions 32 and the movable electrode 38 as a main fac- 
tor so that the plus shift is controlled by adjusting the 25 
number and the contact areas of the protrusions 32, and 
the minus shift is determined by the total film thickness 
of the insulating film 31 , and in particular, the film thick- 
ness of the oxide film 48 closest to the electrode forms 
a main factor so that the minus shift is controlled by ad- 30 
justing the film thickness of the oxide film 48. Therefore, 
the plus shift is controlled by the protrusions 32, the mi- 
nus shift is adjusted by the thickness of the oxide film 
48, and the charge quantity due to the plus shift and the 
charge quantity due to the minus shift are allowed to 35 
cancel each other to set the sum of the two factors to 
zero. Alternatively, the electrical potential difference 
caused by the charge of the plus shift may be arranged 
to cancel the electrical potential difference caused by 
the charge of the minus shift. In the case when it Is dif- 40 
ficult to directly execute these methods, provision may 
be made so that, in the CV characteristic after the ther- 
mal endurance test, the shift toward the plus side and 
the shift toward the minus side are set to cancel each 
other so as to eliminate the shift of the center value of 45 
the CV characteristic. 

[0081] In the above-mentioned embodiment, the in- 
sulating film 31 is formed on the fixed electrode 30; how- 
ever, as shown in Fig. 13, the insulating film 31 may be 
formed on the movable electrode 38. Moreover, as so 
shown in Fig. 14, the insulating films 31 may be formed 
on both of the fixed electrode 30 and the movable elec- 
trode 38 (for example, the nitride film 47 is formed on 
the movable electrode 38 with the oxide film 48 being 
formed on the fixed electrode 30); in this case, the pro- 55 
trusions 32 are formed on either one of them. Moreover, 
as shown in Fig. 15, the insulating film 31 and the pro- 
trusions 32 may be separated, and the insulating film 31 



may be formed on one of the fixed electrode 30 and the 
movable electrode 38, with the protrusions 32 being 
formed on the other. 

Second Embodiment 

[0082] Here, depending on designs, it is assumed that 
there is an electrostatic actuator in which only either the 
plus shift orthe minus shift occurs. For example, in the 
case of an electrostatic actuator having a contact area 
of zero (for example, the elasticity of the elastic bending 
portion is too high so that the movable electrode is not 
allowed to contact the fixed electrode and the insulating 
film. However, such an electrostatic actuator has prob- 
lems that it needs to have a greater size, and that it 
needs a greater electrode size to compensate for the 
reduction in the driving force (torque) so as to obtain the 
same driving force, so no plus shift due to the charge 
transfer occurs. 

[0083] In the case when only one of the shifts occurs, 
only either one of the charge-quantity control means, 
that is, either one of the protrusion 32 of the insulating 
film 31 and the oxide film 48 of the insulating film 31 , 
may be used correspondingly. Therefore, the following 
description will discuss the means for controlling the 
plus shift and the means for controlling the minus shift 
in a separate manner, and with respect to means for 
controlling the minus shift, various modes of the insulat- 
ing film 31 will be first explained. 

[0084] Additionally, not limited to the electrostatic ac- 
tuators as shown in Figs. 7 to 9, the present invention 
can be widely applied as an electrostatic actuator in 
which the fixed electrode and the movable electrode are 
aligned face to face with each other with an insulating 
film interpolated in between. The electrostatic actuators, 
shown in Figs. 7 to 9, have structures to be applied to 
electrostatic micro-relays, and in general, the electro- 
static actuator of the present invention does not require 
the fixed contact and the movable contact. Although, in 
the following explanation, the explanation will be given 
by using the same reference numerals as those used in 
the electrostatic actuators of Figs. 7 to 9, the subject of 
application is not intended to be limited to an electro- 
static actuator shown in Figs. 7 to 9, etc. 
[0085] In an electrostatic actuator shown in Fig. 16, 
an insulating film 31 is formed on the fixed electrode 30 
by stacking an oxide film 48 and a nitride film 47 thereon 
from the lower surface side. Moreover, in the insulating 
film 31 shown in Fig. 17, a nitride film 47 and an oxide 
film 48 are stacked on the fixed electrode 30 from the 
lower surface side. In the insulating film 31 shown in Fig. 
18, a nitride film 47, an oxide film 48 and a nitride film 

47 are stacked on the fixed electrode 30 from the lower 
surface side. Moreover, as shown in Fig. 19, an oxide 
film 48 and a nitride film 47 may be stacked on the fixed 
electrode 30 in a desired order, and a third insulating 
film 49 other than the nitride film 47 and the oxide film 

48 may be stacked thereon. Alternatively, although not 
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shown in the Figure, an insulating film constituted by not 
less than four layers including a nitride film and an oxide 
film may be used. 

[0086] When the oxide film and the nitride film are 
compared with respect to easiness of charging, the ox- 
ide film is charged not less than 1 00 times as easily as 
the nitride film. However, in the case when the contact 
area between the movable electrode 38 and the fixed 
electrode 30 is extremely small (for example, when the 
protrusion has a cone shape as shown in Fig. 27), the 
amount of plus shift becomes smaller. When an attempt 
is made to set the total charge quantity to zero, it is nec- 
essary to make the quantity of minus shift smaller, and 
one of the methods for this is to make the oxide film 48 
thinner; however, the oxide film 48 is easily charged, 
with the result that, even when this is made thinner, im- 
balance between the charge quantity due to the plus 
shift and the charge quantity due to the minus shift tends 
to occur. In such a case, as described in embodiments 
shown in Figs. 1 6 to 1 9, the nitride film 47, which is hard- 
ly charged, is placed closest to the electrode to control 
the charge quantity. 

[0087] The explanation has exemplified a case in 
which the insulating film 31 is formed on the fixed elec- 
trode 30; however, this may of curse be formed on the 
movable electrode 38. Moreover, the first and second 
embodiments have exemplified an insulating film con- 
stituted by a nitride film and an oxide film; however, the 
material for the insulating film which is formed on the 
electrode is not limited to a nitride film and an oxide film. 
The charge quantity in the insulating film 31 is mainly 
determined by the film thickness of the oxide film 48, 
with the nitride film 47 being only used for maintaining 
a film thickness required for a proper voltage proof char- 
acteristic or the like; therefore, not limited to the nitride 
film 47 and the oxide film 48, any kind of material may 
be used as long as it has these functions. 
[0088] However, the application of a combination of 
an oxide film (Si0 2 ) and a nitride film (SiN) makes it pos- 
sible to obtain the effect of controlling the minus shift, to 
optimize the manufacturing technique, and consequent- 
ly to easily manufacture an electrostatic actuator with 
high yield. In other words, the effect of the former film, 
that is, the controlling function of the minus shift, is 
achieved by controlling the film thickness of the oxide 
film 48 closest to the electrode side, and the film thick- 
ness of the insulating film 48 is made thinner so that it 
hardly contains ions. The characteristic of the latter film, 
that is, to provide a high yield, is obtained by compen- 
sating for the property of the nitride film 47, that is, dif- 
ficulty in processing, by the use of the oxide film 39. Up- 
on etching, the nitride film has problems with processing 
in that it has a low selectivity with respect to glass and 
silicon, and in that no effective wet-etchant is available; 
therefore, when all the portion of the insulating film 31 
is made of a nitride film 47, over-etching occurs on the 
substrate 25 made of glass and other metal layers, and 
unnecessary damages are caused, resulting in degra- 



dation in the processing precision. One of the solutions 
of these is to provide a structure which makes it possible 
to prevent the nitride film 47 from directly contacting the 
glass and other metals; and with respect to such a buff- 
5 ering layer, an oxide film 39, which is easily processed 
and has necessary dielectric constant and insulating 
property, is used to coat the surface of the nitride film 47. 



Third Embodiment 



w 



[0089] Next, with respect to a means for controlling 
the plus shift, various modes of the protrusions 32 will 
be explained. The protrusions 32 may be formed on the 
same side as the insulating film 31 of the fixed electrode 
is 30 and the movable electrode 38, or may be formed on 
the opposite side thereof. Here, in the case when the 
protrusions 32 are formed on the same side as the in- 
sulating film 31 , these may be formed integrally with the 
insulating film 31 or may be formed in a separate man- 
20 ner. The protrusions 32 may be formed by the same ma- 
terial as the constituent material of the insulating film 31 , 
that is, for example, an oxide (Si0 2 ) and a nitride (SiN), 
or may be formed by a material different from the insu- 
lating film 31 , for example, a metal. In particular, when 
25 the protrusions 32 are formed on the side different from 
the insulating film 31 , for example, on the movable elec- 
trode 38, the protrusions 32 may be formed on the sur- 
face of the electrode (for example, the movable elec- 
trode 38) by an electrode material. 
30 [0090] More specifically, in an electrostatic actuator 
shown in Fig. 20, an insulating film 31 is formed on either 
one of the fixed electrode 30 and the movable electrode 
38, and protrusions 32 are formed integrally with the in- 
sulating film 31 on the upper surface of the insulating 
35 film 31 by using the same material as the insulating film 
31 (the uppermost layer). In a structure shown in Fig. 
21 , protrusions 32 are independently formed on the up- 
per surface of the insulating film 31 by using an insulat- 
ing material different from the insulating film 31 (the up- 
^0 permost layer). In a structure shown in Fig. 22, protru- 
sions 32 are formed on the upper surface of the insulat- 
ing film 31 by using a conductive film. Moreover, in a 
structure shown in Fig. 23, an insulating film 31 is formed 
on either one of the fixed electrode 30 and the movable 
45 electrode 38, and protrusions 32 are formed on an op- 
posite face of the other electrode integrally with the cor- 
responding electrode by the same material as the cor- 
responding electrode. In a structure shown in Fig. 24, 
protrusions 32 are formed on an opposite face of an 
50 electrode different from the electrode on which an insu- 
lating film 31 has been formed, that is, either one of the 
fixed electrode 30 and the movable electrode 38, by us- 
ing an insulating material. In a structure shown in Fig. 
25, protrusions 32 are formed on an opposite face of an 
55 electrode different from the electrode on which an insu- 
lating film 31 has been formed, that is, either one of the 
fixed electrode 30 and the movable electrode 38, by us- 
ing a conductive material that is different from the ma- 
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terial of the electrode. Additionally, in Figs. 20 to 25, the 
insulating film 31 is located on the fixed electrode side; 
however, the insulating film 31 may be located on the 
movable electrode side, with the fixed electrode 30 and 
the movable electrode 38 being replaced by each other. s 
[0091] Next, the following description will discuss the 
shape of the protrusions 32. Fig. 26A shows a cylinder- 
shaped protrusion 32, Fig. 27A shows a cone-shaped 
protrusion 32, and Fig. 28A shows a protrusion 32 
whose surface has a spherical shape. In the case of the 10 
cylinder-shaped protrusion 32 of Fig. 26A, the space fill- 
ing rate between the electrodes is high as shown in Fig. 
26B; however, this causes a greater contact area to the 
movable electrode 38, resulting in a reduction in the sup- 
pressing effect of the plus shift. Moreover, in the case *5 
of the cone-shaped protrusion 32 shown in Fig. 27A, al- 
though the contact area to the movable electrode 38 Is 
small as shown in Fig. 27B, the space filling rate be- 
tween the electrodes becomes lower. The low space fill- 
ing rate causes degradation in the attracting force of the 20 
movable electrode 38 in the electrostatic actuator. In 
contrast, in the case of the protrusion 32 whose surface 
has a spherical face as shown in Fig. 28A, its contact 
area is a fine area a formed by its apex as shown in Fig. 
28B, and the space filling rate between the electrodes 25 
is great, thereby forming an optimal protrusion 32. More- 
over, each of structures, shown in Fig. 29A, 29B, is a 
modified example of the protrusion 32 having a spheri- 
cal shape. In other words, in the structure of Fig. 29A, 
a column-shaped base post 32a is formed on the insu- 30 
lating film 31, and an uncured protrusion material is 
dropped thereon to form a curved portion 32b having a 
spherical shape by utilizing surface tension; thus, a pro- 
trusion 32 is formed by the base post 32a and the curved 
portion 32b. Moreover, in the structure of Fig. 29 B, a 35 
column-shaped base post 32a is formed on the insulat- 
ing film 31 , and a protrusion material is deposited on the 
insulating film 31 over this structure by sputtering or the 
like to form a curved portion 32b; thus, a protrusion 32 
is formed by the base post 32a and the curved portion 40 
32b. These modified examples make it possible to in- 
crease the space filling rate. 

[0092] Figs. 30A, 30B, 30C are cross-sectional views 
that explain a manufacturing method of the structure 
shown in Fig. 29B. In this manufacturing method, an ox- 45 
ide film 48 is formed on a fixed electrode 30 by a primary 
sputtering process, a nitride film 47 is formed thereon, 
and an oxide film 50 is further formed thereon (Fig. 30A). 
Then, the upper oxide film 50 is processed by etching 
or the like so that a plurality of base posts 32a having a so 
column shape are formed on the nitride film 47 (Fig. 
30B). Thereafter, an oxide film is deposited on the upper 
surface of the nitride film 47 over the base posts 32a to 
form curved portions 32b; thus, the surface of each 
curved portion 32b becomes close to a spherical shape 55 
at each base post 32a so that the structure shown in 
Fig. 29B is achieved. 

[0093] Moreover, Figs. 31 A, 31 B and 31 C are cross- 



sectional views that explain a manufacturing method of 
a structure that is similar to the structure shown in Fig. 
29B. In this manufacturing method, an oxide film 50 is 
formed on the fixed electrode 30 by a primary sputtering 
process (Fig. 31 A). Next, the oxide film 50 is processed 
by etching, etc. so that a plurality of base posts 32a hav- 
ing a column shape are formed on the fixed electrode 

30 (Fig. 31 B). Thereafter, an oxide film is deposited on 
the upper surface of the fixed electrode 30 over the base 
posts 32a by a secondary sputtering process to form a 
curved portion 32b; thus, the surface of each curved por- 
tion 32b has a virtually spherical shape at a portion of 
each base post 32a to achieve a structure similar to the 
structure of Fig. 29B. Neither each protrusion 32, formed 
by each base post 32a and the oxide film (curved portion 
32b) on the upper surface thereof as described in Figs. 

31 A, 31 B and 31 C, nor the oxide film between the base 
posts 32a is formed on the insulating film 31 so that each 
base post 32a and the oxide film itself also have func- 
tions as the insulating film 31 . 

[0094] In the structures shown in Figs. 32, 33, each 
protrusion 32 itself forms the insulating film 31 . In other 
words, the protrusions 32 shown in Fig. 32 are formed 
on the fixed electrodes 30 by using an insulating mate- 
rial such as an oxide so that each protrusion 32 also 
serves as the insulating film 31 . Moreover, each protru- 
sion 32 shown in Fig. 33 is formed by stacking the oxide 
film 48, the nitride film 47 and the oxide film 39 on the 
fixed electrode 30 so that each protrusion 32 is also al- 
lowed to serve as the insulating film 31 . 
[0095] In the second and third embodiments, the in- 
sulating film 31 and the protrusion 32 are explained in 
a separate manner, and In the case when the protru- 
sions 32 are formed simultaneously as the nitride film 
47 is formed on the insulating film 31 , the structures of 
the insulating film and the structures of the protrusions, 
as described above (including those not described 
above), may be desirably combined. 
[0096] Moreover, the insulating film 31 containing the 
nitride film 47, as described in the second embodiment, 
and the protrusions 32, as described in the third embod- 
iment, may be respectively used in an independent 
manner. In other words, in the case of an electrostatic 
actuator having a structure for preventing the plus shift, 
the film thickness of the oxide film 48 may be made thin- 
ner so as to reduce the minus shift. Moreover, even in 
the case when the plus shift and the minus shift are 
caused, the film thickness of the oxide film 48 is made 
thinner so as to control only the charge quantity caused 
by the minus shift, and the charge quantity of the plus 
shift that is not controlled is cancelled by using the 
charge quantity due to the controlled minus shift; thus, 
the charge quantity as a whole is set to zero. In this case, 
by using the nitride film 47 that is hardly charged, the 
film thickness of the insulating film 31 as a whole may 
be controlled. In the same manner, in the case of an 
electrostatic actuator having a structure for preventing 
the minus shift, the plus shift may be reduced by forming 
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the protrusion 32. Moreover even in the case when the 
plus shift and the minus shift are caused, only the charge 
quantity due to the plus shift is controlled by the contact 
area of the protrusion 32 so that the charge quantity of 
the minus shift that is not controlled is cancelled by using 
the charge quantity due to the controlled plus shift; thus, 
the charge quantity as a whole is set to zero. 
[0097] Fig. 34 shows a drawing that indicates a 
change in the CV characteristic before and after the 
thermal endurance test of an electrostatic actuator so 
as to confirm the effects of the protrusions 32. In other 
words, as shown in Fig. 35, an insulating film 31 made 
of an oxide film (Si0 2 ) is formed on the fixed electrode, 
with the protrusion 32 made of an oxide film (Si0 2 ) being 
formed on the insulating film 31 in the same manner, so 
that an electrostatic actuator is formed. Here, the thick- 
ness T of the insulating film 31 is set to 2000 to 2500 
angstroms, the height H of each protrusion 32 is set to 
400 to 600 angstroms, the diameter D of each protrusion 
32 is set to 25 to 35 fim, and a plurality of protrusions 
32 are formed with pitches P set to 1 00 to 1 1 0 u.m. With 
a driving voltage of the rated voltage being applied be- 
tween the fixed electrode and the movable electrode of 
the electrostatic actuator that forms this measuring sub- 
ject, this has been held at 85°C for 1 000 hours, and this 
is then left at a standard state for two hours. The CV 
characteristic is measured with respect to the electro- 
static actuator having been subjected to such a thermal 
endurance test, and Fig. 34 shows the results of the 
measurements. 

[0098] In Fig. 34, those indicated by broken lines and 
rhomboidal shape points represent an initial CV charac- 
teristic F0 of an electrostatic actuator. Moreover, among 
the CV characteristics indicated by solid lines in Fig. 34, 
the characteristic F+ indicated by solid lines and square 
points represents the CV characteristic of the electro- 
static actuator having the plus shift, and the character- 
istic F- indicated by solid lines and triangular points rep- 
resents the C V characteristic of the electrostatic actua- 
tor having the minus shift. When the CV characteristic 
of Fig. 34 is compared with the CV characteristic shown 
in Fig. 6, the shift amounts of F+ and F- in the CV char- 
acteristic of Fig. 34 become extremely small, thereby 
clearly indicating the effects of the formation of the pro- 
trusions. 

Fourth Embodiment 

[0099] Figs. 36 and 37 show portions of the fixed elec- 
trode 30 and the movable electrode 38 of an electrostat- t 
ic actuator in accordance with still another embodiment 
of the present invention. In this embodiment, at least one 
electrode of the fixed electrode 30 and the movable 
electrode 38 is curved so that the contact area of the 
insulating film 31 and the electrode is made smaller to - 
suppress the plus shift. 

[0100] First, Fig. 36 will be explained. In this Figure, 
an insulating film 31 including a nitride film 47 is formed 



on a flat fixed electrode 30, and the movable electrode 
38 is curved into a groove shape or a spherical shape 
so as to make the center portion stick toward the fixed 
electrode 30 side. In this embodiment, since the mova- 
5 bie electrode 38 is curved, the contact area of the mov- 
able electrode 38 and the insulating film 31 is made 
smaller so that the plus shift is suppressed, and the film 
thickness of the oxide film 48 is made thinner so that the 
minus shift is also suppressed. In the same manner, in 
10 an embodiment shown in Fig. 37, the fixed electrode 30 
is curved into a groove shape or a spherical shape so 
as to stick toward the movable electrode 38 side, and 
an insulating film 31 including a nitride film 47 is formed 
on the fixed electrode 30. In this embodiment, since the 
15 fixed electrode 30 and the insulating film 31 are curved, 
with the result that the contact area of the movable elec- 
trode 38 and the insulating film 31 is made smaller so 
that the plus shift is suppressed, and the film thickness 
of the oxide film 48 is made thinner so that the minus 
20 shift is suppressed. 

[0101] Moreover, different from the embodiment of 
Fig. 36 in which the movable electrode 38 has been pre- 
liminarily curved, for example, the movable electrode 
38, supported at both of the ends, may be attracted to- 
25 ward the fixed electrode side, and elastically distorted 
into a groove shape or a spherical shape. Alternatively, 
although not shown in the Figures, the movable elec- 
trode 38, which is supported in a cantileverfashion, may 
be attracted toward the fixed electrode 30 side so that 
30 the movable electrode 38 is diagonally tilted so that the 
movable electrode 38 is made in contact with the fixed 
electrode 30 or the insulating film 31 with a small contact 
area. 

35 Fifth Embodiment 

[01 02] Fig. 38 is a cross-sectional view that shows the 
structure of an electrostatic actuator in still another em- 
bodiment of the present invention. In this electrostatic 

*o actuator, a plurality of post-shaped or line-shaped fixed 
electrodes 30 that are separated with intervals from 
each other are formed on the upper surface of a sub- 
strate 25 made of a glass substrate or the like, and an 
insulating film 31 is formed on the upper surface of the 

*5 fixed electrodes 30 in a manner so as to cover the entire 
fixed electrodes 30. Moreover, a plurality of post-shaped 
or line-shaped protrusions 32 are formed on the lower 
face of the movable electrode 38 in a manner so as not 
to face the fixed electrodes 30. Here, either of the fixed 

o electrodes 30 and the protrusions 32 may be formed into 
a lattice shape or a net shape as long as the fixed elec- 
trodes 30 and the protrusions 32 are made face to face 
with each other without overlapping each other. 
[0103] In such an embodiment, an electric field, ex- 

5 erted between the fixed electrode 30 and the movable 
electrode 38 is only limited to a portion at which the fixed 
electrode 30 is formed; therefore, the contact portion be- 
tween the electrodes, that is, a portion at which each 



11 



BNSDOCID: <EP __1 308977 A2_l_> 



21 



EP 1 308 977 A2 



22 



protrusion 32 and the insulating film 31 are made in con- 
tact with each other is less susceptible to a great electric 
field. Therefore, this structure makes it possible to re- 
duce the occurrence of charging due to charge transfer, 
and consequently to reduce the charge quantity of the 
plus shift due to charge transfer. 

[0104] Fig. 39 is a cross-sectional view that shows a 
structure of an electrostatic actuator in accordance with 
still another embodiment of the present invention. In this 
electrostatic actuator, a plurality of post-shaped or line- 
shaped fixed electrodes 30 that are separated with in- 
tervals from each other are formed on the upper surface 
of a substrate 25 made of a glass substrate or the like, 
and the upper surface of the substrate 25 is coated with 
an insulating film 31 in a manner so as to cover the fixed 
electrodes 30. Moreover, a plurality of post-shaped or 
line-shaped protrusions 32 are formed on the upper sur- 
face of the insulating film 31 in a manner so as not to 
face the fixed electrodes 30. Here, either of the fixed 
electrodes 30 and the protrusions 32 may be formed into 
a lattice shape or a net shape as long as the fixed elec- 
trodes 30 and the protrusions 32 are made face to face 
with each other without overlapping each other. 
[0105] In this embodiment also, an electric field, ex- 
erted between the fixed electrode 30 and the movable 
electrode 38, is only limited to a portion at which the fixed 
electrode 30 is formed; therefore, the contact portion be- 
tween the electrodes, that is, a portion at which each 
protrusion 32 and the insulating film 31 are made in con- 
tact with each other is less susceptible to a great electric 
field. 

Therefore, this structure makes it possible to reduce the 
occurrence of charging due to charge transfer, and con- 
sequently to reduce the charge quantity of the plus shift 
due to charge transfer. 

[01 06] Moreover, in the embodiments of Figs. 38 and 
39, the fixed electrodes 30 are formed partially so as not 
to overlap the protrusions 32; however, the movable 
electrode 38 may be formed partially so as not to overlap 
the protrusion 32 (not shown). 

Sixth Embodiment 

[01 07] Fig. 40 is a cross-sectional view that shows the 
structure of an electrostatic actuator in still another em- 
bodiment of the present invention. In this electrostatic 
actuator, two movable portions 52, each having a dia- 
phragm shape, are supported by a frame 51 along the 
peripheral portion thereof, and movable electrodes 38 
are respectively formed on the opposite faces of the two 
movable portions 52 so that the surface of at least one 
of the movable electrodes 38 is coated with an insulating 
film 31 . This embodiment shows an example of an elec- 
trostatic actuator without any fixed electrode. Here, in 
this embodiment also, protrusions may be formed on the 
insulating film 31 , or may be formed in a manner so as 
to face the insulating film 31 . 



Seventh Embodiment 

[0108] The following description will discuss a device 
using electrostatic micro-relays having structures 

5 shown in Figs. 7 to 9. Fig. 41 shows a schematic drawing 
that indicates a radio device 61 in which an electrostatic 
micro-relay 62 of the present invention is used. In this 
radio device 61 , the electrostatic micro -re I ay 62 is con- 
nected between an inner circuit 63 and an antenna 64; 

10 thus, by carrying out on-off operations on the electro- 
static micro-relay 62, the inner circuit 63 is switched be- 
tween a transmittable or receivable state and an un- 
transmittable or un-receivable state through the anten- 
na 64. 

15 [0109] Fig. 42 is a schematic drawing that shows a 
measuring device 65 using an electrostatic micro-relay 
62 in accordance with the present invention. In this 
measuring device 65, the electrostatic micro-relay 62 is 
connected in the middle of each signal line 67 that 

20 reaches each measuring subject (not shown) from the 
inner circuit 66; thus, the electrostatic micro-relays 62 
are turned on and off so that the measuring subjects are 
switched. 

[0110] Fig. 43 is a schematic drawing that shows a 

25 temperature controlling device (temperature sensor) 68 
using an electrostatic micro-relay 62 in accordance with 
the present invention. This temperature controlling de- 
vice 68 is attached to a device 69 that requires a safety 
function with respect to the temperature of the power- 

30 supply, control device and the like so that it turns on and 
off the circuit 70 of the subject device 69, while monitor- 
ing the temperature of the subject device 69. For exam- 
ple, supposing that the limit of use of the subject device 
69 is one hour at not less than 100°C, the temperature 

35 controlling device 68 measures the temperature of the 
subject device 69, and when it detects that the device 
69 has been operated for one hour at not less than 
100°C, the electrostatic micro-relay 62 inside the tem- 
perature controlling device 68 forcefully cuts off the cir- 

40 cuit 70. 

[0111] Fig. 44 is a schematic drawing that shows a 
portable terminal 71 such as a cellular phone in which 
an electrostatic micro- relay in accordance with the 
present invention is used. In this portable terminal 71 , 

45 two electrostatic micro-relays 62a, 62b are used. One 
electrostatic micro-relay 62a has a function for switching 
an inner antenna 72 and an outer antenna 73, and the 
other electrostatic micro-relay 62b has a function for 
switching signal flows to a power amplifier 74 on the sig- 

50 nal transmission circuit side and a low-noise amplifier 
75 on the signal receiving circuit side. 
[01 1 2] The electrostatic micro-relay of the present in- 
vention makes it possible to transmit dc currents as well 
as high-frequency signals with low loss, and conse- 

55 quently to maintain a stable characteristic for a long 
time; thus, by applying this to the above-mentioned ra- 
dio device 61 , the measuring device 65 and the like, it 
becomes possible to transmit signals with high precision 
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for a long time while reducing the load imposed on the 
amplifier, etc. used in the inner circuit. Moreover, it is 
possible to miniaturize the device and also to reduce 
power consumption; thus, the present invention is highly 
effective in radio devices that are driven by batteries and 
measuring devices a plurality of which are used. 
[0113] In the case of a low-electric-potential driving 
device, a dissociation occurs between an applied volt- 
age and a driving voltage due to a charge accumulated 
in the insulating film, with the result that the applied volt- 
age between the movable electrode and the fixed elec- 
trode is not made coincident with the driving voltage 
Vdrive that is externally applied. Normally, the phenom- 
enon of this type is only recognized as a failure in an 
electrostatic actuator; however, the present invention 
makes it possible to utilize this phenomenon as an ad- 
vantage of the electrostatic actuator. For the first exam- 
ple, there is a case in which an electrostatic relay to be 
driven by 1 0 volts is assembled in a circuit in which only 
an application voltage of three volts is prepared. Even 
in this case, by designing the circuit so as to accumulate 
an electric potential of + 7 volts between the movable 
electrode and the fixed electrode by charging through 
the charge controlling technique, it becomes possible to 
obtain an application voltage of 1 0 volts even in the case 
of the driving voltage of 3 volts; thus, it is possible to 
operate the electrostatic relay without causing any prob- 
lems even in this case. In contrast, in the case when an 
electrostatic relay to be driven by 3 volts is assembled 
in a substrate which is designed to be driven by an ap- 
plied voltage of 10 volts, by designing the charge con- 
trolling operation so as to accumulate an electric poten- 
tial of -7 volts between the movable electrode and the 
fixed electrode by charging, it is possible to provide a 
apparent substrate that is equivalent^ controlled by an 
electrostatic relay to be driven by 10 volts. These ways 
of use may be applied not only to an electrostatic relay 
but also to a switch, an electrostatic capacitive sensor 
and the like. 

[01 14] In accordance with the electrostatic actuator of 
the present invention, it is possible to control the quan- 
tities of positive and negative charges in the insulating 
film by utilizing its charge- quantity controlling structure. 
For example, it is possible to reduce the quantity of pos- 
itive or negative charge due to charge transfer and the 
like, or to reduce the quantity of positive or negative 
charge due to ionic charging and the like. 
[01 15] Moreover, the quantities of positive and nega- 
tive charges to be generated in the above-mentioned 
insulating film when a voltage is applied between the 
first and second electrodes are respectively controlled 
so that the sum of the quantities of charge in the insu- 
lating film is desirably controlled; thus, the quantity of 
positive charge and the quantity of negative charge are 
mutually cancelled so that the entire charge quantity (to- 
tal quantity) generated in the insulating film is controlled. 
In particular, it is not necessary to reduce the quantity 
of positive charge and the quantity of negative charge, 
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and by making the quantity of positive charge and the 
quantity of negative charge cancel with each other, it 
becomes possible to reduce the entire charge quantity 
generated in the insulating film, and consequently to 
control the charge quantity as a whole to, for example, 
zero. 

[0116] As a result, the electrostatic actuator of the 
present invention makes it possible to control the charg- 
ing phenomena such as plus shift and minus shift, and 
consequently to control the operational voltage charac- 
teristics such as on-voltage and off-voltage. 



Claims 

1. An electrostatic actuator (21), comprising: 

a first electrode (30) and a second electrode 
(38) disposed face to face with each other; and 

an insulating film (31) formed on an opposite 
face of at least one electrode of the two elec- 
trodes at an area where the first electrode (30) 
and the second electrode (38) are made face 
to face with each other so that at least one of 
the first electrode (30) and the second elec- 
trode (38) is driven by an electrostatic force that 
is exerted when a voltage is applied between 
the first electrode (30) and the second elec- 
trode (38) to allow the first electrode (30) and 
the second electrode (38)to contact each other 
with the insulating film (31) being interpolated 
in between, wherein 

at least one of the first electrode (30) and the 
second electrode (38) has a structure for con- 
trolling charge quantity. 

I. The electrostatic actuator (21 ) according to claim 1 , 
wherein 

the structure for controlling charge quantity is 
adapted such that the quantities of positive and 
negative charges, exerted when a voltage is applied 
between the first and second electrodes (30, 38), 
are respectively controlled so that the sum of the 
quantities of charge in the insulating film (31 ) is de- 
sirably controlled. 

. The electrostatic actuator (21 ) according to claim 1 
or 2, wherein 

the thickness of the insulating film (31 ) is se- 
lected such that the charge quantity in the insulating 
film (31) is controlled. 

. The electrostatic actuator (21 ) according to claim 3, 
wherein 

the insulating film (31 ) comprises a plurality of 
layers made of different materials, and wherein the 
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charge quantity in the insulating film (31 ) is control- 
led based upon the thickness of a layer that is in 
direct contact with at least one of the first electrode 
(30) and the second electrode (38). 

5 

5. The electrostatic actuator (21 ) according to claim 3, 
wherein 

the insulating film (31 ) comprises an oxide film 
(39) and a nitride film (47). 

10 

6. The electrostatic actuator (21 ) according to claim 5, 
wherein 

the nitride film (47) has a surface coated with 
the oxide film (39). 

15 

7. The electrostatic actuator (21 ) according to claim 3, 
wherein 

the insulating layer (44) is a single material. 

8. The electrostatic actuator (21 ) according to claim 1 20 
or 2, wherein 

the charge quantity in the insulating film (31) 
is controlled based upon a contact area (35) of a 
portion which the first electrode (30) and the second 
electrode (38) are made in contact and with the in- 25 
sulating film (31) being interpolated in between. 



trie signal between an antenna (64) and an inner 
circuit (66). 

14. A measuring device (65), wherein 

the electrostatic micro-relay (62) disclosed in 
claim 1 2 is installed so as to open and close an elec- 
tric signal between a measuring subject and an in- 
ner circuit (66). 

15. A personal digital assistance, wherein 

the electrostatic micro-relay (62) disclosed in 
claim 12 is placed so as to open and close an elec- 
tric signal inside thereof. 



9. The electrostatic actuator (21 ) according to claim 8, 
wherein 

at least one protrusion (32) is formed on at 30 
least one of the surfaces of the portion to and from 
which the contact and separation are made so that 
the contact area (35) of the contact and separation 
portion is controlled by at least one protrusion (32). 

35 

10. The electrostatic actuator (21) according to claim 9, 
wherein 

the protrusion (32) has a surface formed into 
a spherical shape. 

40 

11. The electrostatic actuator (21) according to claim 1 
or 2, wherein 

an area which corresponds to a contact sur- 
face at a portion with and from which the first elec- 
trode (30) and the second electrode (38) are made 45 
in contact and separated with the insulating film (31 ) 
being interpolated in between lacks at least one of 
the electrodes. 



12. An electrostatic micro-relay (62), wherein 50 

a fixed contact (28, 29) and a movable contact 
(45) are made in contact with and separated from 
each other by utilizing the electrostatic actuator (21 ) 
disclosed in claims 1 toll. 

55 

13. A radio device (61), wherein 

the electrostatic micro-relay (62) disclosed in 
claim 1 2 is installed so as to open and close an elec- 
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to prevent phenomena in which the electrostatic actua- 
tor fails to turn on even when a rated voltage is applied 
to the electrostatic actuator and in which the electrostat- 
ic actuator fails to turn off even when the driving voltage 
is turned off. 
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